In populations of synapses, overall synaptic strength can undergo either a net strengthening (long-term potentiation) or weakening (long-term depression). These phenomena have distinct induction pathways, but the functional outcome is usually measured as a single lumped quantity. In hippocampal CA3-CA1 synapses we took two approaches to study the activity-dependence of each phenomenon in isolation. Populations of synapses can undergo either LTP or LTD, thus making plasticity a bidirectional phenomenon (Dudek and Bear 1992) . LTP and LTD proceed by separate pathways, with LTP depending on kinase activity (Malenka et al. 1989; Malinow et al. 1989 ) and LTD depending on phosphatase activity (Mulkey et al. 1993) . LTP and LTD can reverse one another (Dudek and Bear 1992; Mulkey and Malenka 1992) , indicating a common final target of expression.
We reasoned that if the pathways leading to LTP and LTD were sufficiently independent, it should be possible to measure depression and potentiation as separate processes ( Figure 1a) . A separation that occurs at downstream steps would have the advantage of preserving the activity-dependence with which the mechanisms are activated in the naïve preparation. We studied hippocampal CA3-CA1 synapses, in which the neurotransmitter glutamate can act on AMPA-type, NMDA-type, and metabotropic receptors. Neural activity leading to plasticity acts through elevations in intracellular calcium, which activates both kinases and phosphatases. We used kinase and phosphatase inhibitors to reveal processes that could generate unidirectional potentiation or depression rules (Figure 1b) . We were also able to obtain similar rules by saturating potentiation or depression. The component rules could be mathematically recombined to form the original frequency-dependent learning rule. Taken together, these data account for how saturable potentiation-and depression-inducing processes combine to determine bidirectional plasticity.
Materials and Methods
Slice preparation. Transverse hippocampal slices (300 µm thick) from SpragueDawley rats (P14-P21) were cut in ice-cold artificial cerebrospinal fluid (ACSF) comprising (in mM) 126 NaCl, 3 KCl, 1 NaH 2 PO 4 , 25 D-glucose, 25 NaHCO 3 , 2 CaCl 2 , and 1 MgCl 2 saturated with 95% O 2 /5% CO 2 , incubated at 34°C for 10-15 minutes, and transferred to a room-temperature interface chamber for at least an hour before recording. For recordings slices were transferred to an immersion-type recording chamber and perfused at 2-4 mL/min with ACSF heated to 27.5-32°C except as indicated.
Extracellular field potential electrophysiology. For field potential recording the stimulation and recording electrodes were glass pipettes (1-12 MΩ when filled with 1 M NaCl or ACSF) placed >100 µm apart. The stimulus intensity (40-85 µA, 0.1 ms) was set to give responses between one-half and two-thirds of the maximal response size (Dudek and Bear 1992) . Test stimuli were given at 0.03 Hz. Experiments started with 10-20 minutes of baseline followed by a conditioning protocol of three trains of 100 pulses at 0.5 to 100 Hz, with 5 minutes of test pulses between trains. Paired-pulse facilitation was measured using an interpulse interval of 40 ms.
Drugs.
To block LTP, K252a (Calbiochem) was prepared as a stock solution (1 mM in DMSO), stored at −20°C, and on the day of the experiment diluted to 10 µM with oxygenated ACSF containing Fast Green FCF (Sigma) as a tracer. K252a solution was pressure ejected (3-6 psi of 95% O 2 /5% CO 2 ) through a 49 µm (inner diameter) Kapton capillary tube placed near the recording site. Application of equal concentrations of DMSO and Fast Green FCF without K252a did not affect LTP (data not shown). KN-62 (LC Labs) was prepared as a 20 mM stock solution in DMSO, stored at −20°C, and bath applied at a final concentration of 10 µM (0.05% DMSO). To block LTD, slices were pre-incubated in 1 µM okadaic acid (LC Labs; in 0.1% DMSO, prepared fresh daily) for 1-3 hours before recording. Pre-incubation of slices in 0.1% DMSO alone did not affect LTD (data not shown). To measure the acute effects of okadaic acid on basal transmission and paired-pulse facilitation, okadaic acid was applied at a final concentration of 1 µM (DMSO 0.1%, to match the incubation experiments) to a recirculating bath (23-24°C). 0.1% DMSO alone had no effect on either basal transmission or paired-pulse facilitation (data not shown). MCPG and DL-APV (Sigma) were prepared as stock solutions, kept at −20°C and +4°C, respectively, and diluted to their final concentrations in ACSF. MPEP (Sigma) was prepared as a stock solution in either water (pH with NaOH) or DMSO, kept at −20°C, and diluted with ACSF. For experiments without MCPG or MPEP, DL-APV was applied in the bath at 200 µM. APV and MCPG were applied together through the Kapton capillary tube at 1 mM and 5 mM, respectively. APV and MPEP were applied together either through the capillary at 1 mM and 100-250 µM respectively, or in the bath at 200 µM and 25 µM.
Data acquisition and analysis. Extracellular signals were amplified with either an Axopatch-1D or a WPI DAM 80, filtered at 1-3 kHz, acquired with a either a Digidata 1322A and pClamp 8, or a NI-6052E and custom MATLAB software, and analyzed using pClamp 8 and MATLAB. The slope of the initial 0.5-2.0 ms of the fEPSP was measured using least squares regression. Frequency-plasticity curves were obtained by least-squares fits to the function y(x)=1+A (1−1/ (1+ (x/B) C )), with C Under naïve (no drug) conditions, stimuli at 100 Hz led to potentiation of 103 ± 13% (n=3) from baseline and stimuli at 0.5-2 Hz led to depression of 19 ± 3% (n=10) from baseline, consistent with previous reports. We applied the same stimulus protocols in the presence of drugs that selectively block the induction of either LTP or LTD (Figure 2a and 2b, right). The kinase inhibitor K252a blocks LTP induction by potently inhibiting calcium/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC). K252a does not affect LTD induction (Matthies et al. 1991; Wang et al. 1997; Wyllie and Nicoll 1994) and may gate depression processes by blocking cAMPdependent protein kinase (PKA), an enzyme that can interfere with LTD induction by activating a phosphatase inhibitor protein (Blitzer et al. 1998 ). In the presence of K252a, trains of stimuli (three 30-100 Hz trains of 100 pulses each) that normally induce potentiation (87 ± 6% increase from baseline, n=15 experiments) led instead to a depression of 21 ± 4% decrease from baseline (n=8).
Conversely, okadaic acid, a specific inhibitor of protein phosphatases 1 (PP1) and 2A (PP2A), blocks LTD induction while sparing LTP induction (Mulkey et al. 1993; O'Dell and Kandel 1994) . In slices pre-incubated with 1 µΜ okadaic acid, lowfrequency stimuli (three trains five minutes apart, each containing 100 pulses delivered at 0.5-10 Hz) that normally produced a slight depression (decrease of 9 ± 5%, n=18; Figure 2b ) led instead to a 23 ± 5% potentiation (n=8; different from no-drug case, P<10 -3 , one-tailed t-test). Potentiation induced by stimulation at 100 Hz in okadaic acidtreated slices (increase of 85 ± 18%, n=3) was blocked by APV (2 ± 3% change from baseline, n=4, P<0.01, one-tailed t-test). The amount of potentiation in okadaic acid was similar to the native case (P=0.4 compared with 100 Hz LTP, two-tailed test). Thus, blocking the induction of LTP or LTD unmasks the converse process.
Our initial results with kinase and phosphatase blockers suggested that enzymes responsible for both potentiation and depression are activated by a wide range of stimulus frequencies. We therefore measured the frequency-dependence of these potentiation and depression processes. In the presence of K252a, stimulation at 0. To test for multiple possible sites of K252a action in unmasking high-frequencydependent depression, we tested several glutamate receptor mechanisms. First, we tested whether LTD in K252a requires NMDA receptor activity, which under naïve conditions is needed for the induction of 1 Hz LTD (Dudek and Bear 1992). In the naïve condition, APV was sufficient to block plasticity induced by 100 Hz stimulation (3 ± 5% increase from baseline, n=4; Figure 3a ). However, in the presence of K252a, 100 Hz stimulation could now trigger depression even in APV (24 ± 7% decrease from baseline, n=4; Figure 3a ). This result was specific to high-frequency activation: in K252a and APV, 1 Hz stimulation did not evoke LTD (8 ± 12% increase from baseline, n=5; Figure 3a ). Taken together these experiments indicate that one action of K252a is to unmask an activity-dependent but NMDA receptor-independent route to depression.
As a test for the involvement of CaMKII in unmasking depression, the more specific CaMKII blocker KN-62 (Tokumitsu et al. 1990 ) was used. In KN-62 (10 µM), 100 Hz stimulation led to no change in synaptic strength (2 ± 7% increase from baseline, n=4; Figure 3a ; Bortolotto and Collingridge 1998). This difference may be due to the relative nonspecificity of K252a: KN-62 blocks the calcium-dependent form of CaMKII but not protein kinase C or cAMP-dependent protein kinase (Tokumitsu et al. 1990 ), whereas K252a blocks all three of these enzymes (Kase et al. 1987 ). Depression Blockade of potentiation with K252a unmasks a depression that can be triggered by high frequencies, but is not seen under normal conditions. This could be either because under normal conditions potentiation events outnumber depression events (superposition of different synaptic populations), or because depression and potentiation compete within individual synapses that contain both mechanisms. In the presence of okadaic acid, the maximum amount of potentiation is the same as in the naïve case, suggesting that superposition does not take place. When both drugs were applied, highfrequency stimulation led to no net plasticity (0 ± 10%, n=3; Figure 3a ), suggesting that these drugs together are sufficient to block activity-dependent plasticity mechanisms.
Taken together, these results are consistent with models (Castellani et al. 2001; Lisman and Zhabotinsky 2001; Matsushita et al. 1995) in which potentiation and depression mechanisms compete directly within individual synapses.
Confidence in the frequency threshold for these pharmacologically identified depression-only and potentiation-only rules is limited by the possibility that these drugs cause a change in the effectiveness of the stimuli (for instance by altering excitationsecretion coupling), thus changing induction conditions and therefore shifting the curves. We therefore measured the effect of these drugs on two measures of synaptic transmission, single-shock response size and paired-pulse facilitation (Figure 3b ,c). Any change would shift the potentiation-only rule by an unknown amount depending in part on whether the change was presynaptic or postsynaptic. As an assay of possible presynaptic effects we measured paired-pulse facilitation (PPF; Murthy et al. 1997;  however, see Rozov and Burnashev 1999) . In experiments in which okadaic acid was washed in, PPF went from 2.0 ± 0.1 before wash-in to 3.5 ± 0.5 (n=4, measured 50-60 min after wash-in; Figure 3b ). When these data were pooled with data from slices incubated in okadaic acid and control slice data, PPF was 2.0 ± 0.1 in naïve slices (n=14) and 3.2 ± 0.2 in okadaic acid (n=14; Figure 3c ). This difference in PPF (P<0.0001, two-tailed t-test) indicates that the release probability may be decreased by okadaic acid. Consistent with a decrease in release probability, okadaic acid decreased the average single-shock response by 36 ± 12% (n=4; P<0.05, one-tailed t-test).
Measurements of the relationship between PPF and release probability from single terminals (Murthy et al. 1997) indicate that this change corresponds to up to a twofold decrease in release probability in okadaic acid. Using this to correct for the efficacy of presynaptic stimulation in triggering glutamate release would imply a slight downward shift in the threshold for potentiation. This leaves unaffected the conclusion that K252a-independent depression and okadaic acid-independent potentiation are both triggered by an overlapping and wide range of frequencies. Application of K252a had little effect on either baseline synaptic transmission (19 ± 20% increase from baseline, n=6; not different from 0%, P=0.4) or PPF (1.9 ± 0.04, n=8; not different from naïve case, P=0.25; Figure 3c ).
We next tested whether component rules with similar frequency-dependence could be obtained by saturating either LTP or LTD. LTD was saturated using prolonged stimulation at 1 Hz, which led to a decrease of 35 ± 3 % (n=23) below baseline. After saturation of LTD, synapses were subsequently able to undergo potentiation with stimulation at frequencies of 5 Hz and higher. At the highest frequencies (30-100 Hz), three trains of 100 pulses separated by 5 minutes produced a potentiation that matched the amount seen in naïve synapses (Figure 4a,b) , indicating that low-strength synapses can potentiate independent of how long they have been at low strength.
We performed the converse experiment of measuring the plasticity in a population of fully potentiated synapses (Figure 4c,d ). LTP was saturated by delivering multiple episodes of theta burst stimulation (TBS), which gave a 129 ± 11% (n=27) increase from baseline. After saturation of LTP, depotentiation was observed at frequencies well above 0.5 Hz (Figure 4d ), indicating that depression mechanisms can be triggered by a wide range of stimulus frequencies. However, synaptic strength was not brought to levels as low as was reached starting from naïve synaptic populations. Presented initially, 0.5-2 Hz activation caused synaptic strength to normally reach a level of 19 ± 3% below initial baseline (n = 10). In contrast, 20 minutes after LTP was saturated to 128 ± 17% above baseline, low-frequency trains only depotentiated to 99 ± 27% above baseline (n = 3; Figure 4c ). Thus, of a maximum observed range of synaptic strengths of 19+128 = 147%, only 29% depotentiation occurred.
Resistance to depotentiation has been studied as a slowly developing process that shares a common trigger with LTP (Stäubli and Chun 1996; Stäubli and Scafidi 1999) . synaptic strength will still be similar to the phenomena seen in our simplified model.
In this model graded changes in synaptic strength represent the sum of many transitions in an ensemble. In this formulation the kinase and phosphatase blocker experiments measure the probability of a state transition. Kinase inhibitor unmasks a depression that is equal over a frequency range of 1 to 100 Hz. This is consistent with the idea that biochemical pathways for depression are activated by frequencies above a depression threshold and not only at low frequencies (Artola and Singer 1993).
Phosphatase inhibitor yields a potentiation that is identical to naïve potentiation over a frequency range of 10 to 100 Hz. Whether a transition occurs is determined first by whichever probability is greater within a given synapse, and second by whether that transition is possible. This model is sufficient to regenerate the naïve learning rule (Figure 5b ).
Discussion
Our findings can be used to re-interpret existing knowledge of learning rules.
Learning rules at CA3-CA1 synapses exhibit great complexity, including rate-dependent plasticity (Dudek and Bear 1992), depotentiation (Barrionuevo et al. 1980; Bashir and Collingridge 1994; Fujii et al. 1991 Kinase block unmasked a phosphatase-dependent LTD, an effect that had not been seen in several previous studies at CA3-CA1 synapses using broad-spectrum kinase inhibitors (Huber et al. 1995; Malenka et al. 1989; Malinow et al. 1988) . Two of these studies (Malenka et al. 1989; Malinow et al. 1988) were done in animals of unspecified age and before the general acceptance by investigators of LTD as a phenomenon; the third study (Huber et al. 1995) was done using adult rats, in which LTD is not prominent.
The amount of LTD in the presence of kinase blocker K252a was monotonic with respect to stimulus frequency, reaching a plateau of approximately 20% depression.
This suggests that maximal depression may be limited by a common pathway such as phosphatase activation (Mulkey et al. 1994 ). However, induction requirements are more By a simple mass action argument, we would expect high stimulus frequencies to activate both potentiation and depression mechanisms. Our data suggest that at high stimulus frequencies an additional veto process is activated that prevents depression from occurring. We have found that block of a K252a-sensitive target other than CaMKII eliminates this effect, allowing a form of LTD to proceed. In saturation experiments we observe lock-in, in which depotentiation of potentiated synapses is Our results indicate that at CA3-CA1 hippocampal synapses, bidirectional plasticity can be pharmacologically separated into kinase-and phosphatase-dependent components. The functional properties of these components can account for the learning rule observed in the naïve state by assuming that kinase activation is able to "trump" phosphatase activation. Because plasticity is saturable, the contribution of each of these components to the amount of net plasticity would depend on the starting state of the synaptic population, thus making the shape of the learning rule malleable. Saturability also implies that synapses are heterogeneous with respect to plasticity. A simple form of saturability is described in our model, which includes just two levels of strength per synapse. Although this assumption was extreme, the model could still reconstitute the 
This model makes the following assumptions: (1) potentiation and depression are processes that are separable pharmacologically; (2) the synaptic ensemble is composed of single synapses at which plasticity is saturated (though the model results will be similar in a continuous framework); and (3) when potentiation and depression compete, potentiation wins. The magenta circle shows lock-in after two TBS episodes in the presence of 100 µM picrotoxin. H* represents the locked-in state. 
